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I. introduction

The Consultative Committee for Space I)ata Systcnls (CCSDS) has issue.cl recommendations
specifying  Transponder Turn-around Prequency Ratios (TTFR) for S-band ancl X-band coherent
earth-to-space and space-to-earth links. “]’he new transponders designed for missions such as
NASA/JPI.  Cassini include downlink and/or uplink Ka-band links in the 31.8 -32.3 GH7, and
34.2 -34.7 GH7, bands rcspcctivcly.

This paper summarizes the reasoning behind the selection of the 749/3344 “1-1’1:1< for the
XUP/Ka~m,fi  two-way links and the 3597/3344 or the 3599/3344 ‘l”l’I;R for ttlc x.,,/Ka~...  two-waY
links by the Advanced Transponder Development Group at JPL. The transponder multiplier (TM)
749 has already been adopted by blue recommendations 2.6.2 and 2.6.613 as part of the X and
X/S-band “l”J’FRs 749/880 and 749/240 respectively. Thus only the selection of TMs 3344 and
3597 or 3599 will bc discussed here and the optimum ‘JV’JR will be sclcctcd.

II. Coherent Frequency Channds

“l%e deep space bands, for tracking suppo~ t purposes, arc subdivided into 42 channels associated
with a given transpon(icr  ratio. ThC basis  for the determination of these channels is the S-band
downlink ccntcr fre~ucncy (2295 MH7.) designated to channel 14 (total of 27 channc]s insiclc the
S-band downlink allocation). Adjacent channels in the S-band downlink frcqucnc.y range arc

spaced ~~ MHz apart, thcrcforc a channel frequency is computed by subtracting # MHz

from the higher channc] or a(icling ~$ M}17 to the lower channel frcc]ucncy :

where FCI}(JI) is the frequency in Mllz of ehannc] n with 6 decimal digits accuracy (to ]Iz IcvcI).

Channel frequencies fC1, for another band arc gcncratcd  by multiplying the corrc.spending S-band
clownlink channc] frc.qucncy 17,1, by the ratio ‘1’M/240 :
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where ‘I’M is the transponder multiplier factor of that frequency band as shown in Table 1 below.

Table la. ‘1’ramponcler  Multipliers Factors

[B:sz$$=:Ei4Kl

‘ TM factor has not been adopted by the CCSDS yet.

Using equations (1) and (2) and the values of “1’Ms in Table la above, a list of channel
frequencies for deep space research bands S, X and Ka is generated in Table 1 b.

111. Criteria for Selection of mm in the Ka Rand

Criterion 1: TMs that generate frequencies near the center of the Ka-band allocation should be
selected. For this purpose, distances of mid-channel 21 from the center of the uplink (34450
MHz) and downlink (32050 MH7t) bands are listed in Table 2 for all uplink (3563-3635) and
downlink (3314-3386) I’Ms. As seen in Table 2, uplink TM 3599 and downlink TM 3348
generate the shortest distances (4.3 1 and 1.41 MHz respcctivcly) for channel 21 from the centers
of the Ka-bands.

Criterion 2 : The selection of a T1’FR shou]d provide the maximum number of channels for
simultaneous coherent operation within the boundaries allocated for deep space research for the
following combination of bands :

A. X band in the uplink and X and Ka bands in the downlink ;

B. X in the uplink and Ka band in the downlink.

C. Ka band in the uplink and X and Ka bands in the downlink ;

Tables 3a, 3b and 3C list all combinations of uplink versus downlink TMs that generate
frcqucncics according to the criteria 1A, 1 H and 1 C above respectively. li~ch table entry contains
3 numbers, the first number is the total number of coherent channels per “1”1’FR, the second and
the third numbers are the first and the last coherent channel numbers respectively (in the sense
of Table 2 channel enumeration) for the same T] ’I;R. As shown in :

a. Table 3a, uplink TMs 3563-3635 and downlink TMs 3332-3364 form 17x37= 62.9 “l-l’FRs with
a (maximum) number of 35 coherent cllanncls according to criterion 1 A above;
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b. Table 3b, uplink TMs 3563-3635 nnci downlink TMs 3334-3364 form
a (maximum) number of 37 coherent channels according to criterion

c. Table 3c, uplink TMs 3583-3611 and downlink TMs 3332-3364 form
a (maximum) number of 37 coherent channels according to criterion

16x37=592  “1”1’FRs with
B above ;

17x15=-255  ‘1”1’FRs with
C above.

Criterion 3: The uplink factor should be an oc!d multiple of the base frequency and the downlink
factor should be an even mu]tiple of the base frequency to avoid feeding downlink  RF spurious
signals to the uplink W channels inside the transponder or via the S/C microwave path including
the S/C antennas. Similarly, the first IF should be an odd multiple of the base frequency, while
the Local Oscillator (LO) shcm!d be an even multiple of the base frequency.

Criterion 4: The downlink multiplication factor is generated by cascaded “xN” multipliers in
a high-to-low order multiplication chain. Each multiplier is followed by a passive bandpass filters
able to reject all other than the N-th harmonic. In such case the multiplication factor N cannot
be higher than 19, because the BI?F cannot be made arbitrarily y narrow in order to reject all
adjacent harmonics. Tables 4a,b list the prime multiplication factors for uplink and downlink
TMs. The downlink lMs with prime multiplicaticm factors S 19 are the following :

3328, 3332, 3344, 3360, 3366, and 3380.

Of the above candidate downlink 7“Ms only 3344 and 3360 satisfy maximum channel coherence
criterion 2. However lately, usage of a Dielectric Resonator Oscillator (1)1/0) controlled by
phase lock loop (PLL), in either single or double IF stage Advanced Transponder designs, made
possible multiplication factors much higllcr than 19 (e.g. 73 in the Cassini Transponder), because
the PI-L acts as a very narrowband filter rejecting all other spurious harmonics.
The multiplier chain implementations of the chosen Pdctors usc the same downlink and first local
oscillator prime factor in order to mini rn;ze the delay .in the spacecraft reccivcr’s closed loop
path. If multiplication factors s 19 are not found, only then different downlink and first LO
factors are implemented (see Figures 1-6).

Criterion S : The chosen downlink TM should allow a maximum VCO multiplier
implementation flexibility. Of the above downlink “l-Ms, ‘I’M 3332 can be implemented with VCO
frequencies 2F1 and 4F1, TM 3344 with 2F1, 41:1 and 81’1 and 3360 with 2F1, 4} ’1, 6F1, 8F1,
101:1 and 12F1, where FI is the base frequency (e.g. F1 =9542438 Hz).

Criterion 6 : An Automatic Gain Control (AGC) performance limitation requires an- upper
boundary of 2.5 GHz for the first IF frequency. IIowevcr, an ACiC implementation in a more
recent Advanced Transponder design allows up to 10 GHz. Also a lower boundary of 250 MHz
is necessary due to wide turnaround ranging limitations. Table 5 lists the uplirrk factors for a
given downlink factor and specified VCO frequency.

Criterion 7 : The turnaround ratio separation should be greater than 7 % to assure a realizable
diplexer and to minimize diplcxer implementation losses and cost. Table 6 lists the satisfactory
ratios for a specified Voitage Controlled Oscillator (VCO) frequency.
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Criterion 8 : ‘l’he selected clownlink “1’Ms should generate channels that avoid potential intcr-
fcrcncc with the intersatellitc scrvicc allocation in the 32-33 Gllz band. ‘1’able 8 lists all downlink
“I-Ms versus the number of channels gcncratcd  in the [31.8, 32 ] CiI1z. band, non-overlapping with
the intcrsatcllite service allocation. As shown in Table “/, downlink ‘I’M 3332 gcncratcs a
maximum number of 39 channc]s in the Ka-bd downlink allocation below 32 G}lz,, TM 3328
generates 33 and TM 3344 gcncratcs 18 such channels. All the other candi(latc down] ink “I’M
(3360, 3366 and 3380) channels do intcrfcr-e with the intcrsatcllitc ban(i, [Ref. 3].

Criterion 9: If Differential One-Way Ranging (DOR) tones arc part of the spacecraft downlink
signaling scheme, then a downlink  “I’M is selected so that the downlink  carrier together with the
DOR tones fall within the Ka-band deep space allocation. For example, if a maximum DOI? tone
generation capability of i 100 M}Iz from the carrier is required, then the availab]c downlink
frequency range is reduced to 31.9 -32.2 GHz. In this case downlink Th4 3332 can only be
implemented for channels 22-37, TM 3344 for channels 5-37 and 3360 for channels 5-28, [Ref.
2].

IV. Proposed Frequency Schemes

Next a series of Transponder Frequency Schematics illustrates the merits of the investigated
‘l”13W 3597/3344, 3599/3344 and 74913344, [Ref. 4].

Figures 1-6 show Ka-lJp/Ka-I~own frequency schemes, implcrncnted with Cascaded Mul{iplicrs
<19, for the 3s9’7/3344 and 3599/3344 “1”l’l  JRs,  using  criteria 2 and 3. ‘1’hc TMs used for uplink,
clownlink, first Imcal Oscillator (LO), and first 11: arc listed in Tables 8 a,b. VCO frcqucncics
usccl are 2]71, 41:1 and 81Jl.

Figures 7-12 show Ka-band transponder implementations using 1)1{0s.

Specifically, Figure 7 implementation has a “1”1’FR=3599/3344, with double convcrsicm, Ka- and
S-band DROS and Ka-band Phase Modulator (I’M). Both receiver DROS arc phase-locked from
the 12F 1 Voltage Controlled Crystall Oscillator (V CXO). ‘I%c rcccivcr fixed frequency oscillator
is 2F2, in the cohcrcnt mode and 121~0 in the non-cohcrcnt mocic.

In I;igurc 8, “ITFR == 3599/3344, with sing,lc ccmvcrsion, a Ka-band 1)1<0 and Ka-bancl PM. “I-he
111<0 is phased locked from the 121:1 and the rcceivcr fixed frequency oscillator is 21:2. The
non-coherent mode uses a 121:0 oscillator. “l’his design can also be in~plcrncntcd for the
3597/3344 T1’FR.

In l:igure 9, “lTFR = 3597/3344, with cloublc conversion, a Ka-band and S-band 1>1<0s, and a
Ka-band PM. Both DROS arc phase-locked from the 11 F 1 , and the receiver fixed frequency
rcfcrcncc oscillator is 2F2. ‘l”hc non-coherent DRO is locked to a 11 l;O oscillator. The 111:1 and
111:0 oscillators are used to reduce the complexity of 1,0 and non-cohcrcn[  carrier g,cncration
circuitry.

In ]:igurc 10, “IT1;R= 3597/3344, with sinf,lc conversion , a Ka-band 111<0 and a Ka-band PM.
‘1’hc 111<0 is phase-locked froru the 111:1 , and the rccciver fixed frequency rcfcrcncc oscillator
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is 2F2 for the cohcrcnt mode. The non-cohcrcnt mode uses a 1 ll;O oscillator.

Notice that the dual conversion designs (I:ig 7, 9) require two 10 loops in the rcccivcr and arc
more complex than the single convcrsio[l designs. The two sil~glc conversion dcsi~ns (I:ig 8, 10)
require tighter filtering but only onc 1.0 loop.

l~igurc 11 (icpicts a DRO implementation of X/Ka band Recluccd }:unction ‘1’ransponder,
‘J”I’IW = 749/3344, featuring cloublc conversion with a 1JI117 Coaxial Resonator Oscillattir  (CRO),
ancl an X-band PM. lhc CRO is phase-locked from a 12FI, and the rcfcrcncc oscillator is 2F2.
Since the downlink “I’M 3344 is also an integer rnultiplc of 11, the usc of 111~0 oscillator miuccs
the comp]cxity of the non-coherent carrier generation circuitry. The clesign eliminates a Ka-banct
DRO and other loop components to reduce complexity, size, mass, power ancl cost.

l~inally, Figure 12 illustrates the us.agc of 111<0s in the design of an X-band Transponder upgra(ic
with two Ka-band front cnd modules hctcro{iyning the uplink from 35991:1 to 7491; 1 and the
(iownlink from 8801:1 to 3344F1. The X-banci modu]e features a (ioublc conversion, with an X-
band DRO and an L-band Surface acoustic wave Resonator Oscillator (SRO).

V. Conclusions

‘lTIW 3599/3344 is the desired choice because :

1.

2.

‘+.*

4.

5. .

6.

7.

8.

9.

l~or up]ink ‘I’M 3599 the (iistancc of mid-channel 21 from the ccntcr of the uplink band
(34.45 GHz) is the shortest == 4.31 Mllz. For down] ink “J’M 3344 the (iistancc of n~id-
channcl 21 from the ccntcr of the downlink band (32.05 Gllz.) is the fourth shortest =
36.87 MHz (Criterion 1).

Provides a maximum number of coherent channels (Criterion 2).

“~M 3599 is an odd number and TM 3344 is an even number (Criterion 3).

TM 3344 allows implcrncntations with cascaded multip]icrs bccausc it contains factors <
19:3344 = 2 X2X2 X2 x 11 x 19anci 3599-3344 = 255 =- 3 X5 x 17. AIso DRO
implementations are possible at a greater cost (Criterion 4).

TM 3344 allows VCO implementation with frcqucncics 21:1, 41J1 an(i 81’1 (Criterion 5).

Allows AGC implementations witil VCO frequencies 2F1, 41;1 and 81;1 (Criterion 6).

Turnaround Ratio Separation == 3599-3344-. .—... —.. —.. L 14.11% > 7% (Criterion 7)
3599

TM 3344 creates 18 channels non-interfering with the intcrsatcllitc ban(i (Criterion 8).

TM 3344 creates 33 channc]s that contain 100 M}Iz 1>01< tones insi(ie the (iownlink Ka-
band allocation (Criterion 9).
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Table 2: Mid ChmneI 21 Distance in MHz from the Center of Ka-Band versus Transponder .MultipIier (TM).

________________________________________________________________________________________________________________________________________________________________________________________________ I
I ~T/~ ~~ !2i. stance, ~’z ~ ~/u ~~T? T D i s t a n c e ,  .MHz
I ==== ==== ==== ==== ==== ==== ==== ==== ==== =————— ====

I 3563 -340.324
! 3565 -321.176

3567 -302.031
I 3569 -282.887

3571 -263.738
I 3573 -244.59

3575 -225.445
3577 -206.297
3579 -187.152

I 3581
3583

I 3585
! 3587
I 3589I

3591
I
I

3593
3595

!
I 3597

3599

-168.004
-148.859
-129.711
-110.566
-91.418

-72.2695
-53.125

-33.9805
-14.832
4.31641

3601
3603
3605
3607
3609
3611
3613
3615
3617
3619
3621
3623
3625
3627
3629
3631
3633
3635

23.4609
42.6094
61.7539
80.9023

100.0469
i19 .195
2.38.34

157.488
176.633
195.781
214.926
234.074
253.223
272.367
291.516
310.66

329.805
3.48.953

! D/L TN! D i s t a n c e ,  M H z / D/L T?T! Distance, YEz
==== ==== ==== ==== ==== ==== ==== ==== ==== ==== .=== =.= ,,

~ 3314 -324.076
, 3316 -304.93
I 3318 -285.783

3320 -266.637
! 3322 -247.49
I 3324 -228.344

3326 -209.195
I 332S -190.051

3330 -170.904
ji 3332 -151.756
Ii

3334 -132.611
II 3336 -113.465

3338 -94.3164
3340 -75.1699
3342 -56.0254
3344 -36.877
3346 -L7 .7305
3348 1.41602!1 3350 20.5625

3352
3354
3356
3358
3360
3362
3364
3366
3368

39.709 ~
58.8555
78.002
97.1484
116.295
1.35.441.
154.59

173.736
L92 .881

3370 212.~2.9
3372
3374
3376
3378
3380
3382
3384
3386

231.176
250.32

269.469
288.615
307.76

326.908
346.055
365.201

__________________________________________________________________________________________________________________________________________________________________________________________________
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I Tab[e  3C : Ka-ucVX-down,  Ka-c’own  Coherency ‘es? (COI!)  :
.= === ===== .= === == =.=  ===== .= === ===== =.===  =.===  ===== ===== ==.==  .= === ===== == =.. .= ==. ===== .= === ===== ==.=. . . . . . ❑ ==== ... == .= === =====  ❑ =..= ====.  == =.. .= .=. =.==. . . . . . ., =.=  ,
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Tab[e 3C : Ka-up/X-down,  Ka-down Coherency Test  (Cent) :
== ..= =====  ===== == =.= =====  =====  ❑ ✝✝✝✝ ✝✝✝✝✝  ✝✝✝✝✝  ✝✝✝✝✝  ✝✝✝✝✝  ✎✝ ✝✝✝ ✝✝✝✝✝  ❑ ✝✎✎✝ ✝✝✝✝✎ ✝✝ ✝✎✝  ✝✝✝✝✝  ✝✝✝✝✝  ✝✝✝✝✎  ✎✚
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Tab[e  3C  : Ka-up/X-down, Ka-c!own Coherency Test (Cent) :
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UPLINK PRIME MULTIPLICATION FACTORS
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277
1201
7

3
157

5

11
17

5
3
191

7
727

x
x

x
x

x

x

x

x

x

x

x

x

x

x

x

x

31
41.

397
11
73

239

3

109

103

401

241

47
71

5
13

173

x

x

x

x

13

7 x

29
31

19

= ——— ___ ___——
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‘1’nble 4b : Coherent IIownlink Prime h4ultiplication l:actors

DOWNLINK PRIME MULTIPLICATION FACTORS
FACTOR— — — — — . . — — . . — . . — ..—.. ——— —---. -—. — — . .—::

3314
3316
3318
3320
3322
3324
3326
3328
3330
3332
3334
3336
3338
3340
3342
3344
3346
3348
3350
3352
3354
3356
3358
3360
3362
3364
3366
3368
3370
3372
3374
33’/6
3378
3380
3382
3384

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

x 1657
X 2 X 829
x 3 x 7 x 79
x 2 x 2 x 5 x 83
X 1 1 X 3.51
x 2 x 3 x 277
x 1663

x 2 x 2 x 2 x 2 x 2 x 2 x 2  X 1 3
x 3 x3 x5 x 37
x 2 x 7 x7 x 1.7
x 1667
x 2 x 2 x 3 x 139
x 1669
x 2 x 5 x 167
x 3 x 557
x 2 x 2 x 2 X 1 1 X 1 9
x 7 x 239

x 2 x 3 x3 x3 x 31
x 5 x5 x 67
x 2 x 2 x 419
x 3 X13 x 43
x 2 x 839
X 2 3 x 73

x 2 x 2 x 2 x 2 x 3 x  5x7
x 41. x 41
x 2 x 2 9 x 2 9
x 3 x3 Xll x 17
x 2 x 2 x 421
x 5 x 337
x 2 x 3 x 281
x 7 x 241
x 2 x 2 x 2 x 21.1
x 3 x 563
x 2 x 5 X1.3 x 13
x19x89
x 2 x 2 x 3 x3 x 47

—————. .—— —-—.-.. ——. ————. - —
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Tal.)lc5 : Uplink TMssatisfying AGC  L i m i t a t i o n s  100 MHZ < II: l;rcquency

r———
D O W N
FACTOR

It33323334_—— —-..

3360

< 10 GIIz ) versus VCO Frequency.

—=-_——————--. -—--- ~ .—–. — r—””” ,__-.=_ ,..._–-
2fl I 4fl I 8fl

———-— ———.. --J . . ..-

3583 - 3615 3583 - 361.5 I 3583 - 3615
———.

12fl

N/’

N/’

3583 - 3615=.

Table 6 : Uplink TMs satisfying Diplcxcr Limitations ( “1’TI~R Separation >
7% ) versus VCO l%quencyo

EE3332

33134

3360.—— —

2fl 4fl 8fl. 12fl

3583 - 3591 3583 -- 3595
I L

N/’
I ----- N/’——...—- .—

3583 - 3603
1-
3583 - 3607 3583 - 3599

1 L--
N / ’.—. .—— —— .-

3595 - 3615 I 3595 - 364 3595 - 3615 I 3595 - 3615- . ——-—..—___ —...—_.  _.. —-..=--- -.— ~— .—. .—
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Tab Le 7 : Doun[ ink  Ka-Bancl TM’s v e r s u s
nmber of Channels in the [31.8, 321 GHz Band

. . . . . =. =,. .. >.= =. .,. ==.== .= === :=.=. =.-==.  ===== ===== ===== ===== ====
D/L TM # Channc[sll  D/L TM # Channelsll  D/L TM # Channe[s

=.=======  ========= ========  ========= ======,==  =.=======  ========
3314 7 3340 3364
3316 11 3342 :2 3366 :

3318 15 3344 18 3368 0
3320 3346 3370 0
3322 ;; 3348 :: 3372 0
3324 26 3350 7 3374 0
3326 3352 3 3376
3328 :; 3354 0 3378 :
3330 37 3356 0 3380 0
3332 39 3358 0 3382
3334 37 3360 0 3384 :
3336 33 3362 0 3386 0
3338 29,, ,, ,,

=,,==.  =..==. ==.===  ====:=  ======  =====:: ====== ======  .= ==== ====== =====

Table %a - 3597/3344 Turnaround Ratio Multiplier
I m p l e m e n t a t i o n  Uplink, Downlink,  ls~ 1,0 and 1st IF
F a c t o r s

L...

>— .—c——,

7‘

——______-——. ____
FACTORS

1
PRIME MULTIPI,lCATIC)N

FACTOR.— ——— _______—  =-————

3

_ — — . _ — . _ _ .
UPLINK 359”7 3 x 11 x 109-.——— .- —.-—.. ———-.—

DOWNLINK 3344 2 x2 x 2 x 2 x 11 x 1.9— .- .——
FIRST LO 3432 2 x2 x 2 x 3 x 11 x 1.3—— . . —.—_
FIRST I F 165 3 x5 x 11——.———.__.— - — .——.—.———— ._—__  ._——— .  .  .  ..__—

Table $b - 3599/3344 Turnaround Ratio Multiplier
I m p l e m e n t a t i o n  Uplink, Downlink,-~.St 1.,0 and 1st IF
F a c t o r s

— .-._.a. __--T-pRIME%=z;N’:
———-—— .-

FACTORS

-z: 53::~:?i-;~—. — — _ _  _ _

3?)0
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Figure If 74913344 F1 Reduced Function Transponder Design 2
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